Cardiovascular diseases (CVDs) have been related to low birth weight, suggesting the foetal environment may program future risk. Alternatively, common genetic factors for both low birth weight and CVD could explain such associations. We investigated associations between offspring birth weight and paternal and maternal cardiovascular mortality and offspring birth weight and cardiovascular mortality among all four grandparents, and further assessed the mediating role of maternal smoking during pregnancy.
Introduction
A strong case has been made for an influence of foetal growth on risk of subsequent high blood pressure, insulin resistance, and cardiovascular disease (CVD) in adulthood. 1 -3 The foetal environment, and in particular foetal undernutrition, may program future CVD risk. An alternative mechanism is proposed in the foetal insulin hypothesis: common genetic factors could be related to both restricted foetal growth and later insulin resistance and CVD risk. 4 These hypothesized mechanisms would yield different expectations with regard to a comparison of the associations between offspring birth weight and parental cardiovascular mortality, and several studies have reported data pertinent to this. 5 -9 A meta-analysis of seven studies indicates a stronger inverse association of mortality with offspring birth weight for mothers when compared with fathers. Data on fathers are sparse, as fathers were included in only five of the studies. 5 -9 Furthermore, self-reported birth weight was used in one study and gestational length was only available in three of them. 5, 6, 8 Various mechanisms could explain differential effects of offspring birth weight on parental CVD between mothers and fathers. 10, 11 Genetic variation influencing both offspring size and parental mortality should produce a similar effect for mothers and fathers. Social and environmental factors that both mothers and fathers share and that are related to both lower offspring birth weight and higher parental cardiovascular mortality risk could also lead to similar direction and possibly magnitude of effects. 12 A stronger effect in mothers is consistent with several mechanisms-maternal health-related behaviours (such as smoking or heavy alcohol consumption) or poor maternal health leading to both reduced offspring birth weight and increased risk of future maternal mortality; genetic variants that influence offspring birth weight through intrauterine effects (e.g. influencing maternal glucose level) and also influence maternal health outcomes; imprinted genes, whereby only the maternal gene is expressed in the foetus and influences both offspring birth weight and maternal mortality risk or mitochondrial DNA transmitted only from the mother to offspring. For the mortality of fathers, imprinted genes where only the paternal gene is expressed in the foetus could generate stronger offspring birth weight-paternal mortality associations than offspring birth weight-maternal mortality associations, as could epigenetic effects transmitted through the male line that influence both offspring birth weight and paternal morality risk. 13 Investigating associations across multiple generations provides a means to assess the potential contribution of these mechanisms, and in particular, the role of shared genetic factors. The ALSPAC study found positive associations between birth weight in grand children and self-reported type 2 diabetes among both maternal grandparents. 14 For paternal grandparents, the association was of an inverse U shape. 14 This study was interpreted as providing support for both the intrauterine transmission of type II diabetes risk and possible genetic co-determination of both poor insulinmediated growth in the foetus and increased type II diabetes risk. A Scottish study found evidence that familial aggregation of common determinants of pregnancy complications and CVD was likely to explain the relation between an infant's birth weight and CVD risk in maternal grandparents. 15 A multigenerational Swedish study found an association of grandchild birth weight with all-cause and CVD mortality among maternal grandfathers. 16 These studies had low power to investigate several causes of death and did not include all grandparents for the same index child. Our study provides a systematic investigation of mortality among all four grandparents for the same index grandchild birth weight. We investigated associations between offspring birth weight and paternal and maternal cardiovascular mortality and grandchild birth weight and cardiovascular mortality among all four grandparents, and further assessed the mediating role of maternal smoking during pregnancy. We hypothesized that if similar effects were found for all four grandparents, this may be consistent with common genes causing such associations.
Methods

Population and birth data
The population was chosen as offspring (F2) where we could identify both parents (F1) and grandparents (F0) as completely as possible through linkage with the multigenerational database (see Supplementary material online, Figure S1 ). All births registered in the Medical Birth Registry of Norway (MBRN) from 1967 to 2009 were linked to the cause of death register and to Norwegian Censuses from 1960 onwards. These registers covered all Norwegian citizens in this period and were used to identify parent-offspring trios. Linkage between F1 and F2 was done by using the unique personal identity number, which included families with small children in 1960, and extending this linkage for older family members using information in the 1960 census. A unique family and household number in the 1960 Census and information on the age and sex distribution within the family and household made it possible to link to grandparents. Only those with complete family information across the three generations were included in the analysis (n ¼ 1 336 167). The follow-up of deaths for parents was for the period 1970 until the end of 2008. Follow-up of deaths for grandparents was from 1960 to 2008, with an age limit of 70 years to avoid misclassification of cause of death in old age. That means that even if the individuals were not excluded, person time after age 70 was not included in the survival analysis.
Extending the age at follow-up to 75, 80, or 85 did not materially affect the estimates or pattern across causes, though there was a slight attenuation in the estimates at the highest ages.
Each observation contained information on maternal and paternal characteristics (i.e. age), birth order, gestational age in weeks, and information on the child (i.e. sex, birth weight). Birth weight was reported in grams. Offspring pregnancies ,37 weeks or .44 weeks (n ¼ 142 181) and birth weights ,1000 g (n ¼ 1500) were excluded.
Other covariates
Pregnancies with reported health problems among mothers, hypertension, pre-eclampsia, eclampsia, chronic kidney disease, gestational diabetes, epilepsy, and thyroid disease, before (n ¼ 71 114) or during (n ¼ 68 865) pregnancy, were adjusted for. Excluding them gave similar results. Congenital malformations among offspring were coded as 'Disease in offspring' (n ¼ 41 751). The grand paternal (F0) level of education, occupational class, and housing conditions (type of dwelling and ownership to dwelling) were retrieved from the 1960 census. Length of education (F1) was the highest level of education obtained at the time of birth derived from the educational register of Statistics Norway. Only those with complete information on covariates were included in the analysis (n ¼ 1 004 255). These offspring were clustered on 538 655 × 2 parents and 317 847 × 4 grandparents because each parent and grandparent had multiple children and grandchildren (see Supplementary material online, Figure S1 ). Analysing the full cohort (n ¼ 1 336 167) without adjusting for socio-economic covariates gave similar results. Smoking during pregnancy was recorded in the MBRN after 1997 and analysed in relation to grandparental mortality in a subcohort (n ¼ 345 624). We were not able to analyse the effect of smoking in parents because the follow-up time was too short. All analyses of birth weight were adjusted for gestational length.
Outcomes
Death certificates were registered with Statistics Norway, without any missing cases. Causes of death from different versions of ICD I00-I99), coronary heart disease (CHD) (ICD-10: I20-I25), stroke (ICD-10: I60-I69), diabetes (ICD-10: E10 -E14), and lung cancer (ICD-10: C32-C34).
Statistical methods
Associations between birth weight and all covariates were investigated through linear regression. The data were further analysed using the Cox proportional hazards regression. The proportional hazards assumption was assessed by visual inspection of plots. In total, personyears included for the analysis were (not tabulated): 13 782 726 (mothers), 13 613 801 (fathers), 15 103 705 (maternal grandmother), 14 390 816 (maternal grandfather), 13 836 152 (paternal grandmother), and 13 056 357 (paternal grandfather). Several offspring are nested within the same parent and grandparent. The dependency within parents and grandparents was taken into account by the 'cluster robust' command in STATA version 10, which effectively adjusts the standard errors for the within-parent or grandparent correlations. Birth weight was transformed and analysed by quintiles and by small for gestational age (SGA) (below 10 percentile compared with the others). Statistical tests of trends and interaction terms were two-sided and are presented as ,0.001 or as exact values.
Results
Parental characteristics and mortality in relation to offspring birth weight Mothers and fathers of offspring in the highest quintiles of birth weight were more likely to have married and be older and more educated ( Table 1) . Age-adjusted mortality was inversely related to offspring birth weight among mothers and fathers. In the subcohort where smoking was recorded, higher birth weight was related to a lower proportion of smoking during pregnancy. In this subcohort, the hazard ratio of death associated with smoking compared with non-smoking during pregnancy was 1.84 (1.45-2.34) and cardiovascular 3.27 (1.45-7.41) (not tabulated). No information on smoking among fathers was available in the subpopulation, but smoking among mothers during pregnancy was associated with a hazard ratio for all-cause mortality 2.30 (2.00-2.64) and cardiovascular 2.32 (1.61-3.52) among their male partners.
The inverse association between parental mortality and offspring birth weight was stronger among mothers than among fathers ( Table 2 ). All cardiovascular causes and CHD were more strongly associated with offspring birth weight among mothers than fathers. For diabetes, a reduced risk was seen in the third and fourth quintiles of offspring birth weight with an increased risk in the fifth quintile, among mothers (P ¼ 0.004 for quadratic term). Among fathers, a shallower and less evident U-shaped pattern was seen (P ¼ 0.146). For COPD and lung cancer, the effects were particularly strong in mothers but were also seen in fathers.
Stratifying on the length of follow-up among mothers ,15 years after offspring birth gave hazard ratio for cardiovascular causes of 0.85 (0.76-0.94) and 0.85 (0.80-0.90) for 15 years or more. Diabetes before or during pregnancy was recorded and a separate analysis not including those with diagnosed diabetes gave similar results. After including socio-economic covariates, the effect estimates associated with per quintile increase in birth weight did not materially change ( Table 2 , Model 2). For all separate causes of death analyses adding 'Disease before or during pregnancy' and 'Disease in offspring' in addition to the covariates in Table 2 had little impact on the effect estimates.
Grandparental characteristics and mortality in relation to offspring birth weight
Among maternal and paternal grandparents, less education and a higher probability of being in a manual rather than a non-manual job were associated with lower grandchild birth weight ( Table 1) . All-cause mortality risk was inversely associated with grandchild birth weight for all four grandparental groups. Similar inverse associations were also seen for CHD and stroke in all grandparents, with effects that were smaller than those seen among the parents ( Table 3 ; see Supplementary material online, Table S1 ). Coronary heart disease and stroke were more strongly associated with grandchild birth weight among maternal grandmothers than maternal grandfathers and paternal grandfathers. Diabetes mortality was highest in the bottom and top quintile of grandchild birth weight for maternal grandmothers and showed an inverse association with grandchild birth weight for paternal grandfathers and no consistent effect in the other grandparents. No effects were found for breast cancer among maternal and paternal grandmothers (not tabulated). After adjusting for socio-economic covariates, the effects changed little. In the subcohort with information on smoking during pregnancy, cardiovascular causes were related to per quintile increase in birth weight and SGA in grandchildren in all grandparents. After adjusting for smoking in mothers' pregnancy, the effects on cardiovascular causes were attenuated substantially for SGA ( Table 4 and Figure 1 ) and for all categories of birth weight (see Supplementary material online, Table S2 ). Lung cancer and COPD among grandparents were related to birth weight, except for lung cancer in paternal grandfathers ( Table 3 ) and to SGA except for COPD in paternal grandmothers and grandfathers (see Supplementary material online, Table S1 ). These associations were substantially attenuated in both the per quintile and SGA analysis when adjusting for maternal smoking in pregnancy ( Table 4) . We also investigated whether the effects differed according to offspring sex. We found no difference in effects if offspring were boys or girls (not tabulated).
Discussion
We investigated associations between child or grandchild birth weight and cardiovascular mortality among mothers, fathers, and all four grandparents. Associations with cardiovascular mortality were found among all parents and grandparents. The associations for grandparental cardiovascular mortality were substantially attenuated in all categories of birth weight when maternal smoking during pregnancy was adjusted for. The findings suggest that all four grandparents contribute with common (genetic and or environmental) factors in the associations between birth weight and CVD across generations.
Comparison to previous studies on parental effects
Most previous studies, and a meta-analysis, found lower offspring birth weight to be associated with increased risk of CVD among both parents. 8, 17, 18 This is consistent with our study. The association between offspring birth weight and mothers' risk of type 2 diabetes in previous studies has been reported as showing both low birth weight 19, 20 and high birth weight to be related to increased risk 21, 22 in mothers, as did we. Studies including fathers have mostly found higher risk in fathers having children with lower birth weights. 10 Our findings were in line with this.
The most parsimonious explanation of our findings is that maternal factors related to lower offspring birth weight are associated with an increased risk of maternal mortality. An obvious candidate is the maternal smoking behaviour, given that the strongest inverse associations are seen for both maternal lung cancer and COPD mortality with inverse associations of offspring birth weight. Unfortunately, the data set with maternal smoking data is too small and with too short follow-up time to produce robust estimates of (5) 28 (5) 28 (5) 28 (5) 29 (5 effects in this subsample. Thus, the contribution smoking in parents makes to the association of their mortality with the birth weight of their offspring cannot be analysed in this data set. Smoking behaviour correlates between spouses; therefore, the considerably smaller, but statistically robust, inverse associations with lung cancer and COPD mortality among fathers could reflect the association between maternal and paternal smoking behaviour. The findings are compatible with genomic influences-genetic variants that influence both parental cardiovascular mortality risk and offspring birth weight-but we cannot separate these potential effects from residual confounding from unmeasured and poorly measured parental socio-economic and behavioural characteristics. Maternal diabetes mortality demonstrates a U-shaped association with offspring birth weight, although this is based on a small number of deaths. The elevated risk in mothers with large offspring is consistent with a considerable body of data demonstrating that maternal hyperglycaemia, gestational diabetes, or frank diabetes is associated with larger offspring birth weight. 23 The elevated risk in the lowest birth weight of offspring quintile, seen for both mothers and fathers (although not robustly estimated), is consistent with the foetal insulin hypothesis 4 and previous studies of this issue. 22 Pre-pregnancy paternal glucose levels demonstrate an inverse association with offspring birth weight, in line with this explanation. 24 
Explanations of the findings across multiple generations
For grandparental CHD and stroke mortality, the inverse association with grandchild birth weight is consistent with genetic factors that influence offspring birth weight and parental CVD risk. A principal outline of the causal pathways is given in Supplementary material online, Figure S1 . However, the role of maternal health-related behaviours appears important. In the subsample in which grandparental mortality was examined in association with grandchild birth weight for which data on smoking of the mothers (i.e. the grandparents' female offspring) were available, adjustment for this considerably attenuated the strength of the inverse associations of grandchild birth weight with cardiovascular mortality, chronic obstructive pulmonary disease, and (where these associations existed in the unadjusted analyses) lung cancer. This suggests that the across generation associations of smoking behaviour may substantially or entirely account for the observed associations. This cross-generation associational of smoking behaviour may relate to shared cultural socio-economic factors, although an intrauterine influence of maternal smoking on offspring propensity to smoke has also been proposed. 25 The lack of robust associations with cardiovascular mortality after taking into account mothers' smoking behaviour limits our further speculation on the various possible mechanisms-from an intrauterine effect, genomic or mitochondrial genes or transgenerational epigenetic influences-that have been raised in this regard. 13, 26 As with parental mortality, the exception to the general pattern of results relates to diabetes. The risk among maternal grandmothers showed a U-shaped association with grandchild birth weight. This is consistent with an intrauterine influence of Coronary heart disease (n ¼ Parental and grandparental cardiovascular mortality and offspring birth weight grandmaternal hyperglycaemia, gestational diabetes, or frank diabetes on the mother's risk of the same conditions, which then influences grandchild birth weight and diabetes risk. The high risk for maternal grandfather diabetes is seen in the lowest quintiles and SGA of grandchild birth weight, in line with a potentially shared genetic influence on birth weight explanation. The fact that the highest risk in the paternal grandfather and paternal grandmother is also seen in the lowest quintile and SGA of grandchild birth weight supports this interpretation. The lack of an elevation in diabetes risk in paternal grandmothers at the highest end of the grandchild birth weight distribution suggests that the intrauterine influence of the paternal grandmother on the fathers is not transmitted to the next generation, as anticipated by the hypothesis that the transmission is through intrauterine influences and this is in line with substantial evidence that phenotypic concordance across generations is not substantially driven by transgenerational epigenetic inheritance. 27 
Strengths and limitations
The study has a large sample with long follow-up of deaths. It included detailed data on pregnancy which enabled us to calculate birth weight adjusted for gestational age, which is a robust measure of foetal growth, and to take into account several important confounders such as health status of mothers and offspring. Linkage across generations was successful for a large proportion of the cohort, rendering the results generalizable to the whole population. In earlier studies with shorter follow-up, some of the maternal effect could be a result of health-compromising factors or illness during pregnancy, which could then lead to increased maternal mortality risk. 28 . In our analysis, stratifying by length of followup among mothers did not substantially alter the effects which suggest that illness-associated lower offspring birth weight, which would tend to have a great relative effect on mortality in longer term, is not playing a major role.
Some limitations need to be considered. The cause of death may have been inaccurately reported, most likely leading to attenuated effect estimates. It has been suggested that men are more likely to receive a correctly diagnosed myocardial infarction than women, but we have no information indicating that this is reflected in the registration of cause of death. 29 However, to influence the results in this study, such misclassification must have been gender-specific, leading to smaller effect estimates in women compared with men rather than the opposite. Unfortunately, coding in the cause of death registry does not allow us to differentiate between various types of diabetes. Survey data from the whole population with information on additional risk factors for CVDs and low birth weight, including smoking in all parents and grandparents, blood pressure, serum cholesterol, physical activity, and diabetes, would have been advantageous, but are not yet available for such a large family-based three-generation sample. It was only possible to analyse the role of smoking during pregnancy for grandparent mortality, because the length of follow-up was not long enough for parents.
Conclusions
The associations of parental and grandparental diabetes mortality with offspring/grandchild birth weight provide evidence both of an intrauterine influence, transmissible to the subsequent generation through maternal phenotype, and of genetic influences related both to lower birth weight and increased diabetes risk. For cardiovascular mortality, associations are compatible with shared genetic and intrauterine influences, but these cannot be distinguished from effects of maternal behavioural or health status characteristics, and shared parental socio-economic circumstances. Existing data suggest that maternal pre-pregnancy cardiovascular risk factors could generate both inverse (smoking and blood pressure) or direct (body mass index, glucose, and triglycerides) associations. For fathers, the contribution of these pre-pregnancy risk factors would be less. 24 Studies with parental/grandparental behavioural and physiological risk factor assessment, linked to offspring/ grandchild birth weight and future morbidity and mortality records, are required to further advance the understanding of these potentially important processes.
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